Non-small-cell lung cancer, accounting for about 80% of human lung cancers, is one of the leading causes of cancer deaths worldwide. Among histological types of non-small-cell lung cancer, the adenocarcinoma is the main one found in nonsmoker.^[@bib1]^ Single-agent chemotherapy is no longer appropriate for treatment of human adenocarcinoma, because of its poor prognosis, metastasis, and drug resistance.^[@bib2]^ Recently, combined (rather than single-agent) chemotherapy has been found to be a superior treatment strategy. Hence, searching of effective chemosensitizers that could augment the efficiency of anticancer drugs and simultaneously overcome multi-drug resistance and side effects is urgently needed.^[@bib3]^

The mammalian thioredoxin reductases (TrxRs) are a family of selenium-containing pyridine nucleotide-disulphide oxidoreductases.^[@bib4]^ There are currently two confirmed forms of mammalian TrxRs,TrxR1 and TrxR2, which are found in cytoplasm and mitochondria, respectively.^[@bib4]^ TrxR is overpressed in many human tumors and has a key role in regulating intracellular redox balance, because that it can catalyze the NADPH-dependent reduction of the redox protein thioredoxin (Trx), as well as of other endogenous and exogenous compounds.^[@bib5]^ Hence, the Trx system has emerged as a valuable target for anticancer drug development.^[@bib6],\ [@bib7]^ Auranofin (AF) has been found to react with selenol-containing residues and to inhibit TrxR activity, induce oxidative stress and lead to apoptotic cell death.^[@bib8]^ In particular, AF exerts marked sensitive to various types of resistant cancer cells, including cisplatin-resistant phenotypes.^[@bib9]^

Selenium, in the form of selenocysteine, has an essential part in several important redox enzymes, such as glutathione peroxidase and TrxR.^[@bib5]^ Selenocystine (SeC), a naturally available selenoamino acid, displays broad-spectrum anticancer activities in our previous studies. SeC-induced antiproliferative effect against human cancer cells involves oxidative stress-induced apoptosis, than that of selenomethionine, Se-methyl-seleno-cysteine, selenite, and selenate.^[@bib10]^ Despite this potency, SeC showed less toxic to human normal cells, indicating that SeC possesses great selectivity between human cancer and normal cells and displays potential application in cancer chemoprevention.^[@bib10]^ Furthermore, SeC shows potential therapeutic effect *in vivo* in inhibition of A375 melanoma cells through induction of apoptosis.^[@bib11]^

In the present study, we evaluated the ability of SeC to enhance AF-induced A549 human lung adenocarcinoma cell killing *in vitro* and *in vivo*. Mechanistic investigation revealed that, as a potential chemosensitizer, SeC could dramatically enhance the AF-induced apoptosis in A549 human lung adenocarcinoma cells by synergistically targeting TrxR1 *in vitro* and *in vivo*. This study indicates that our strategy to use SeC and AF in combination could be a highly efficient way to achieve anticancer synergism by synergetic inhibition of TrxR1.

Results
=======

SeC enhances AF-induced cell apoptosis by initiating mitochondria dysfunction
-----------------------------------------------------------------------------

Preliminary screening by 3-\[4,5-dimethyl-thiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) assay was performed to ascertain the time and dose of the combined treatment of SeC with AF on several human cancer cells and normal cell. The results showed that treatment of human cancer cells with SeC for 48 h or AF for 6 h significantly decreased the cell viability in a dose-dependent manner ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). In addition, the cells were pretreated with SeC (0, 3, 6, 12 or 24 h) and then co-treated with AF (6 h), the combined treatment displayed higher anti-proliferative activities on A549 cells than that of single agent ([Figures 1a and b](#fig1){ref-type="fig"}). However, single treatment or combined treatment showed less cytotoxicity toward HK-2 human normal proximal tubular cells ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), indicating the selectivity of SeC in combination AF.

Specifically, as shown in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, treatment of A549 cells with 8 *μ*M SeC for 48 h reduced cell viability by 27.8%, and treatment of the cells with 6 *μ*M AF for 6 h showed no cytotoxicity. Nevertheless, combined treatment of cells with 8 *μ*M SeC pretreatment for 24 h and 6 *μ*M AF co-treatment for 6 h significantly decreased the cell viability by 66.3%, implying that SeC pretreatment dramatically enhanced AF-induced growth inhibition against A549 cells. The result showed that the interaction index: *γ*=0.56\<1, meaning that the combined effects between SeC and AF were strongly synergistic. In the phase-contrast observation, pretreatment of cells with SeC obviously enhanced AF-induced reduction in cell numbers, cell shrinkage and loss of cell-to-cell contact, which further confirm this synergistic effect (figures not shown).

To elucidate the mechanisms of combined treatment-induced growth inhibition, we examine the effect of SeC or/and AF on cell apoptosis and cell cycle distribution by flow cytometry in A549 cells. As shown in [Figure 1c](#fig1){ref-type="fig"}, treatment of cells with SeC in combination with AF resulted in a marked increase in the proportion of apoptotic cells compared with that of SeC or AF alone, as reflected by the increase in sub-G1 peaks from 14.1% (AF) and 21.9% (SeC) to 64.5% (combination). The results of flow cytometric analysis clearly indicated that SeC pretreatment noticeably enhanced AF-induced apoptosis in A549 cells. These results suggest that SeC can act as an enhancer to sensitize AF-induced cell growth inhibition against A549 cells by induction of apoptosis.

Apoptotic signaling can be conducted by two central mechanisms, the extrinsic (death receptor-mediated) and the intrinsic (mitochondrial-mediated) pathways.^[@bib11]^ To investigate the molecular events initiated by SeC or/and AF, we first examined the contribution of caspases for the apoptotic program. As shown in [Figure 1e](#fig1){ref-type="fig"}, pretreatment of A549 cells with 8 *μ*M SeC distinctly enhanced AF-induced activation of caspase-3, -8, and -9, indicating the activation of both the intrinsic and extrinsic apoptosis pathways. Moreover, activation of caspase-9, as the predominant initiator in mitochondria-mediated apoptotic pathway, is more prominently than that of caspase-8 induced by combined treatment, indicating that combined treatment-induced apoptosis is mainly initiated by the mitochondria-mediated apoptosis pathway. Activated caspases subsequently induced proteolytic cleavage of PARP and finally resulted in cell apoptosis. The hypothesis was further confirmed by western blotting at protein level. As shown in [Figure 1f](#fig1){ref-type="fig"}, treatment with SeC and AF in combination resulted in noticeable elevation in activation of caspases-3, -7, -8, -9, and -10, and PARP cleavage. Taken together, these results suggest that SeC as a potent chemosensitizer enhances the AF-induced cell growth inhibition and apoptosis in A549 cells mainly by initiating the mitochondria-mediated apoptosis pathway.

Enhancement of AF-induced mitochondrial dysfunction by SeC through regulation of Bcl-2 family proteins
------------------------------------------------------------------------------------------------------

Loss of mitochondrial membrane potential (Δ*ψ*~m~) is catastrophic for cells and leads to the release of cytochrome *c* into the cytosol.^[@bib12]^ Mitochondrial dysfunction has been shown to participate in the induction of apoptosis and has been suggested to activate the apoptotic pathway.^[@bib13]^ Therefore, flow cytometric analysis was used to confirm whether combined treatment-induced apoptosis occurred through destroying mitochondrial homeostasis using JC-1 as a molecular probe. As shown in [Figure 2a](#fig2){ref-type="fig"}, treatment of cell with 8 *μ*M SeC or 6 *μ*M AF alone obviously decreased the Δ*ψ*~m~, as evidenced by the elevation of green fluorescence from the red to green. However, 8 *μ*M SeC and 6 *μ*M AF in combination resulted in an enhanced depletion of Δ*ψ*~m~ from 27.4% (AF) and 31.2% (SeC) to 72.9% (combination).

Bcl-2 family proteins could either promote cell survival (Bcl-2 and Bcl-XL) or induce apoptosis (Bax and Bad). The imbalance of pro-apoptotic and anti-apoptotic Bcl-2 family proteins will lead to the loss of mitochondrial membrane potential and finally result in the induction of apoptosis.^[@bib14],\ [@bib15]^ Hence, it was of interest to identify the Bcl-2 family members involved in the combined treatment-induced apoptosis. As shown in [Figure 2b](#fig2){ref-type="fig"}, combined treatment of SeC with AF remarkably decreased the expression rates of Bcl-2/Bax and Bcl-xL/Bad in treated A549 cells. The result demonstrated that the activation of mitochondrial apoptosis pathway was fulfilled by regulating Bcl-2 family proteins. To further determine the effect of SeC, the time-course effects of SeC on expression of Bcl-2 family proteins was evaluated. The western blotting results showed that SeC treatment for indicated time notably increased expression of Bax, but decreased expression of Bcl-2 in a time-dependent manner ([Figure 2c](#fig2){ref-type="fig"}). Taken together, these results all suggest that SeC as a potent regulator of Bcl-2 family protein enhances AF-induced mitochondrial apoptosis pathway by depletion of Δ*ψ*~m~ through regulation of Bcl-2 family protein expression.

PI3K/AKT and MEK/ERK pathways contribute to combined treatment-induced cell apoptosis
-------------------------------------------------------------------------------------

MAPKs (including JNK, p38, and ERK) and PI3K/Akt are both upstream kinases that have key roles in regulation of cell proliferation, cell growth, and survival.^[@bib16],\ [@bib17]^ Therefore, it was interested to investigate whether the MAPKs and PI3K/Akt pathways were involved in the induction of apoptosis by combined treatment using specific antibodies against the phosphorylated (activated) forms of the kinases. The results showed that SeC alone induced the obvious downregulation of phosphorylated AKT and phosphorylated ERK ([Figure 3a](#fig3){ref-type="fig"}). Moreover, SeC and AF in combination dramatically caused ERK and AKT inactivation. No alteration in phosphorylation status of p38 and JNK was detected in treated A549 cells ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}), indicating that JNK and p38 MAPK did not have important roles in regulating cell death of A549 cells in response to SeC and AF. To further confirm the role of AKT and ERK, cell viability was detected by MTT assay using specific ERK and AKT inhibitors. As shown in [Figure 3b](#fig3){ref-type="fig"}, pretreatment of A549 cells with LY2294002 (an AKT-upstream inhibitor) and U0126 (an ERK inhibitor) for 1 h markedly enhanced combined treatment-induced cell growth inhibition against A549 cells, indicating that combined treatment induced apoptotic cell death of A549 cells with ERK- and AKT-dependent manner. Enhanced activation of caspase-3 further confirmed the effects of ERK and AKT inhibitors on cell apoptosis ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Results in protein level further affirmed this conclusion. For instance, treatment of A549 cells with LY2294002 or U0126 caused significant inactivation of ERK and AKT, respectively. In addition, enhanced PARP cleavages were observed after treatment with these two inhibitors. Taken together, the results above suggest that SeC can act as potent chemosensitizer to enhance AF-induced growth inhibition and apoptosis of A549 cells through inhibition of PI3K/AKT and MEK/ERK pathways.

DNA damage was triggered by SeC and AF in combination
-----------------------------------------------------

AF can induce ROS-mediated DNA damage by inhibiting TrxR activity.^[@bib18]^ Our previous studies have showed that SeC can trigger DNA damage through ROS overproduction.^[@bib11],\ [@bib19]^ To examine whether combined treatment induce enhanced DNA damage, two DNA damage markers, phosphorylated p53 (Ser15) and phosphorylation histone (Ser139), were employed to investigate this combined effect. As expected, A549 cells treated with SeC and AF alone activated phosphorylated p53 and phosphorylated histone ([Figure 4a](#fig4){ref-type="fig"}). Moreover, SeC pretreatment significantly enhanced AF-induced DNA damage, as convinced by enhanced phosphorylated p53 and phosphorylated histone. DNA damage induced by combined treatment was further confirmed by comet assay and TUNEL-4′,6-diamidino-2-phenyindole (DAPI) co-staining. As shown in [Figure 4b](#fig4){ref-type="fig"}, treatment with SeC and AF alone notably triggered DNA damage, and SeC treatment obviously enhanced AF-induced DNA damage, as convinced by tail-DNA in single-cell level ([Figure 4b](#fig4){ref-type="fig"}). Furthermore, after TUNEL-DAPI co-staining, A549 cells exhibited enhanced apoptotic features, such as DNA fragmentation and nuclear condensation ([Figure 1d](#fig1){ref-type="fig"}). Based on the importance of SeC, a time course of SeC was investigated. As shown in [Figure 4d](#fig4){ref-type="fig"}, exposure of A549 cells to 8 *μ*M SeC alone resulted in notable elevation of phosphorylated p53 and phosphorylated histone in a time-dependent manner. Taken together, these results indicate that SeC could enhance AF-induced apoptosis through enhancement of AF-induced DNA damage. Furthermore, time-course analysis was carried out to examine the temporal reference of different signaling in response to drug treatments. As shown in [Figure 4e](#fig4){ref-type="fig"}, phosphorylated AKT and ERK were detected as a sustained activation after treatment with SeC alone for 4 and 12 h, whereas AF treatment for 3 and 6 h only caused modest decline in phosphorylation of AKT and ERK. In addition, both SeC and AF slightly activated Ser15-p53. Interestingly, addition of AF to SeC-pretreated cells significantly enhanced the phosphorylation of p53 and inactivation of ERK and AKT. Taken together, these results indicate that SeC enhances AF-induced apoptosis through regulation of p53, ERK, and AKT pathways.

Inhibition of ROS prevents the combined treatment-induced cell apoptosis
------------------------------------------------------------------------

ROS can cause DNA damage and have an important role in anticancer agents-induced apoptosis.^[@bib20]^ Therefore, combined treatment-induced change of intracellular redox status was evaluated by measure of ROS generation using a fluorescein-labeled probe, DCFH-DA. As shown in [Figure 5a](#fig5){ref-type="fig"}, treatment of cell with SeC and AF alone induced obvious ROS accumulation in time-dependent manner, and combined treatment with SeC and AF resulted in enhanced ROS overproduction. For further evaluation of ROS importance, glutathione (GSH) and *N*-acetyl-[L]{.smallcaps}-cysteine (NAC), thiol-reducing antioxidant, were employed to examine the role of intracellular ROS in combined treatment-induced apoptotic cell death. As anticipated, addition of GSH and NAC effectively attenuated combined treatment-induced cell growth inhibition against A549 cells ([Figure 5b](#fig5){ref-type="fig"}). For instance, combined treatment with SeC (8 *μ*M) and AF (6 *μ*M) decreased the cell viability to 44.3%. However, pretreatment of cells with 10 mM GSH for 2 h effectively elevated the cell viability to 66.4%. GSH-ethyl-ester pre-treatment showed the similar protective effect with GSH ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), indicating that elimination of intracellular ROS effectively block combined treatment-induced cell killing.

The protective mechanism of GSH against the cytotoxic effects of SeC and AF were also investigated in this study. The flow cytometric analysis revealed that elimination of intracellular ROS reversed combined treatment-induced apoptosis ([Figure 5c](#fig5){ref-type="fig"}). For instance, combined treatment of SeC and AF triggered cell apoptosis at 57.9%. However, pretreatment with 10 mM GSH for 2 h effectively decreased the sub-G1 peak to 4.6%, suggesting that elimination of intracellular ROS effectively block combined treatment-induced cell apoptosis. Furthermore, both declined caspase-3 activity ([Figure 5d](#fig5){ref-type="fig"}) and reduced caspase-3 cleavage ([Figure 5e](#fig5){ref-type="fig"}) detected by western blotting confirmed this protective effect of GSH. For further investigation of underlying mechanism, the Bcl-2 family, DNA damage, and upstream kinases were all examined by western blotting method. Interestingly, addition of ROS scavenger distinctly attenuated combined treatment-induced DNA damage and completely reversed combined treatment-induced the inactivation of ERK and AKT ([Figure 5e](#fig5){ref-type="fig"}), indicating that ROS serves as upstream mediator in regulating induction of DNA damage and inactivation of ERK and AKT. Mitochondrial respiratory chain represents the main source of intracellular ROS. Intracellular ROS released from mitochondria was closely regulated by Bcl-2 family. Enhanced Bcl-XL expression after GSH addition was observed in [Figure 5e](#fig5){ref-type="fig"}, which indicated the possibility that GSH blocked the ROS-mediated mitochondrial dysfunction by regulating Bcl-2 family proteins. Taken together, these results demonstrate that SeC could sensitize AF-induced apoptosis in A549 cell in ROS-dependent manner.

SeC enhances the inhibitory effects of AF on TrxR1 *in vitro*
-------------------------------------------------------------

To clarify the mechanism of intracellular ROS accumulation, both TrxR1 activity and TrxR1 expression *in vitro* were evaluated. The TrxR1 activity was measured by 5,5′-dithiobis (2-nitrobenzoic) acid assay with rat liver TrxR as positive control. The results showed that incubation of the cell lysate with SeC or AF alone inhibited the TrxR1 activity *in vitro* in time-dependent manner. However, the TrxR1 activity *in vitro* was more effectively inhibited by the combined treatment of SeC and AF ([Figure 6a](#fig6){ref-type="fig"}). The results of western blot analysis revealed that both SeC alone and the combined treatment decreased TrxR1 expression in cell level, but AF alone caused no significant change in TrxR1 expression ([Figure 6b](#fig6){ref-type="fig"}). The result indicate that SeC in combination with AF synergistically inhibit TrxR1 *in vitro*.

SeC enhances *in vivo* anticancer activity of AF by targeting TrxR1
-------------------------------------------------------------------

To investigate whether SeC or/and AF target TrxR1 *in vivo*, the therapeutic effect of combined treatment on immuno-deficient nude mice bearing A549 tumor xenografts was evaluated. After 16 days\' administration, treatment of SeC and AF alone slightly inhibited xenograft lung tumor growth. However, xenograft lung tumor growth in nude mice was more effectively inhibited by combined treatment with SeC and AF *in vivo*. For instance, combined treatment with SeC and AF significantly inhibited the tumor weight and tumor volume, but not affected body weight of mice ([Figures 7a--d](#fig7){ref-type="fig"}). The mechanism studies *in vivo* revealed that combined treatment inhibited tumor xenografts by induction of mitochondria-mediated apoptosis, as convinced by caspases activities ([Figure 7e](#fig7){ref-type="fig"}), cleaved PARP ([Figure 7f](#fig7){ref-type="fig"}), and cleaved caspase-3 staining. TrxR1 expression in tumor xenografts detected by western blotting was also evaluated, and the result indicates that SeC alone and combined treatment both reduced TrxR1 expression, but AF treatment alone caused no changes in TrxR1 expression. Furthermore, several cell markers using immunohistochemical (IHC) methods further confirmed that combined treatment with SeC and AF inhibited angiopoiesis (CD31 staining) in tumor xenografts, activated Ser15-p53 expression, and inhibited tumor xenograft cell proliferation (Ki67 staining). Taken together, these data support the conclusion that SeC can synergistically enhance AF-induced tumor growth inhibition *in vivo* by targeting TrxR1.

Discussion
==========

TrxR, overexpressed in many tumors cells, is the central redox protein controlling the cellular thiol redox state. Inhibition of Trx system may cause dramatic imbalance between the formation and the removal of ROS.^[@bib5]^ Consequently, the Trx system has emerged as a novel target for anticancer drug development.^[@bib6]^ In this study, we demonstrated that SeC can target TrxR1 *in vitro* and *in vivo* to enhance AF-mediated lung cancer cell killing through activating mitochondria-mediated apoptosis pathway. And this chemosensitization effect of SeC was achieved by triggering ROS-mediated DNA damage and inactivation of AKT and ERK. To our knowledge, this is the first study to demonstrate that SeC can target TrxR1 *in vitro* and *in vivo*. Our data suggest that the strategy to use SeC and AF in combination could be a highly efficient way to achieve anticancer synergism through synergistically targeting TrxR1 *in vitro* and *in vivo*.

Induction of cancer cell apoptosis is an effective method in inhibiting tumor growth *in vitro and in vivo*.^[@bib11]^ Apoptotic cells exhibit typical apoptotic feature including series of morphology and biochemical changes.^[@bib21],\ [@bib22]^ Such as cell membrane blebbing, lost of connection in cell to cell, mitochondrial depolarization, caspase activation, apoptotic body formation, chromatin condensation, and DNA fragmentation. In the present study, SeC in combination of AF trigger apoptosis of A549 cells *in vitro* and *in vivo*, and the cells exhibit typical apoptotic feature. For instance, observation by optical microscope shows that combined treatment with SeC and AF dramatically enhanced cell shrinkage, loss of cell-to-cell contact, and cell reduction in cell numbers. Cells stained by TUNEL and DAPI appear enhanced DNA fragmentation and nuclear condensation. Furthermore, A549 cells in tumor xenografts also display apoptotic feature *in vivo*, such as the reduced-angiopoiesis and weaken-cell proliferation were observed after combined treatment. Caspase-3 activation and PARP cleavage both confirmed combined treatment-induced apoptosis *in vitro* and *in vivo*.

Mitochondria- and death receptor-mediated apoptosis both contribute to drug-induced cancer cell apoptosis.^[@bib11]^ Caspase, a family of cysteine acid proteases, act important role in induction of apoptosis through the enzymolysis of series of substrates.^[@bib23]^ In this study, SeC and AF in combination synergistically induced mitochondria-mediated apoptosis of A549 cell *in vitro* and *in vivo,* because of that the activation of caspase-9 is more obvious than that of caspase-8. Mitochondrial membrane potential (Δ*ψ*~m~) has a key role in triggering mitochondria-mediated apoptosis and the permeabilization of mitochondria is closely regulated by Bcl-2 family expression,^[@bib12],\ [@bib13],\ [@bib14]^ which could be classified into two groups, pro-apoptotic proteins such as Bax and Bad, and anti-apoptotic proteins such as Bcl-2 and Bcl-XL.^[@bib24]^ Bcl-2 family proteins could bind to the membrane of mitochondria to regulate the Δ*ψ*~m~ in response to apoptotic stimulation.^[@bib15]^ In this study, combined treatment with SeC and AF significantly decreased Bcl-2 and Bcl-X expression, but increased Bax and Bad expression. The imbalance of Bcl-2 family expression finally resulted in the mitochondrial dysfunction and induced mitochondria-mediated apoptosis in A549 cells. These results indicate that combined treatment-induced mitochondria-mediated apoptosis of A549 cells was fulfilled by regulation of Bcl-2 family expression.

PI3K/AKT and MEK/ERK pathways have pivotal role in fundamental cellular functions such as cell proliferation, cell growth, and survival by phosphorylating a variety of substrates.^[@bib25]^ In recent years, it has been reported that components of PI3K/AKT and MEK/ERK signaling pathways are frequently altered in human tumors, which decisively contribute to the clinic drug resistance.^[@bib25],\ [@bib26]^ Hence, much effort has been made to develop treatment strategies that target these specific signaling molecules or their downstream effectors. Recently, many evidences support that seleno compounds can induce apoptosis and enhance chemosensitivity of anticancer drugs in cancer cells with involvement of AKT or/and ERK inactivation.^[@bib27],\ [@bib28]^ However, no information about the importance of MAPK and PI3K/Akt pathways as potential targets for the chemosensitization effects of SeC is available. The present study demonstrated that SeC synergistically enhanced AF-mediated human lung cancer cell killing and apoptosis involving AKT and ERK inactivation. Inhibitors of ERK and AKT significantly enhanced the combined treatment-induced apoptosis in A549 cells, indicating that combined treatment induce apoptosis of A549 cells with ERK- and AKT-dependent manner.

Accumulative evidence support that many anticancer drugs exhibit their therapeutic effects on cancers by induction of DNA damage and activation of downstream signaling pathways.^[@bib29]^ Ser139-Histone, a DNA damage marker, can be activated in response to DNA damage. Activated histone can transfer the signal to upstream molecules, such as ataxia telangiectasia-mutated and ataxia telangiectasia and Rad3-related proteins, followed by CHK and p53.^[@bib30]^ p53, a tumor suppressor, is a cell cycle checkpoint protein that contributes to the preservation of genetic stability in response to DNA damage.^[@bib31],\ [@bib32]^ Activation of p53 in response to DNA damage could trigger downstream signaling molecules, such as Bcl-2 family proteins and p21, to induce cell apoptosis or cell cycle arrest.^[@bib33]^ The present study demonstrated that combined treatment triggered enhanced DNA damage, as convinced by upregulated phosphorylated p53 and phosphorylated histone. In single-cell level, we also observed obvious DNA damage, such as nuclear condensation and DNA fragmentation. These results indicate that induction of DNA damage contributed to combined treatment-induced apoptosis in A549 cells.

Intracellular ROS overproduction may injure lipids, proteins, and DNA, and finally caused cell apoptosis.^[@bib10]^ Increasing evidence supports that seleno compounds induce cell apoptosis involving ROS overproduction.^[@bib10],\ [@bib34]^ In combating cancer cells, selenium acts as pro-oxidant rather than antioxidant by inducing apoptosis through the generation of oxidative stress.^[@bib35]^ In our previous studies, SeC displays broad-spectrum anticancer activity against series of human cancer cells through ROS-mediated apoptosis. And the mechanism studies reveal that inhibition of ROS accumulation can effectively prevent cancer cells from SeC-induced apoptosis.^[@bib10],\ [@bib11],\ [@bib19]^ The possibility is that GSH addition plenished intracellular stores of endogenous antioxidants and reversed apoptosis. Our previous studies showed that combined treatment with SeC and 5-fluorouracil can more effectively induce A375 human melanoma cell apoptosis by ROS overproduction.^[@bib36]^ To character the importance of ROS in combined treatment, several antioxidants, such as GSH-ethylene-ester, NAC, diphenyleneiodonium chloride, DMSO, superoxide dismutase, and catalase, were employed to investigate the ROS origin. More importantly, activities of glutathione peroxidase, glutathione reductase, and TrxR were also measured, and the results indicated that SeC can enhance 5-fluorouracil-induced apoptosis in A375 cells by ROS overproduction through regulation of intracellular redox system.^[@bib36]^ Therefore, based on these results, we proposed that SeC enhanced AF-induced A549 cell apoptosis by ROS accumulation through dysregulation of intracellular redox system.

The present study demonstrates that SeC can act as a natural inhibitor of TrxR1 *in vitro* and *in vivo* to enhance AF-induced human lung cancer cell killing and apoptosis through ROS-mediated DNA damage and inactivation of ERK and AKT pathways. It is reported that AF could bind to the SeC-containing C-terminal and the N-terminal redox center to inhibit TrxR activity and SeC probably acted as substrates to compete with Trx.^[@bib37]^ We speculate the possibility that SeC inhibits TrxR1 activity by competing with Trx and caused ROS accumulation, which in turn oxidized intracellular thiol-containing antioxidant agents like GSH and Trx, thus sensitized the cancer cells to AF-induced apoptosis. In addition, decreased TrxR1 expression induced by SeC may contributed to combined treatment-induced A549 cell apoptosis. This finding predicts that SeC shows promising implications in improving the therapeutic efficacy when in combination with other anticancer drugs in clinic.

In summary, we showed the ability of SeC to enhance AF-induced human lung cancer cell killing *in vitro* and *in vivo* by mitochondria-mediated apoptosis through synergistically targeting TrxR1, and this sensitization can be achieved by triggering ROS-mediated DNA damage and inactivation of ERK and AKT ([Figure 8](#fig8){ref-type="fig"}). Taken together, our results suggest that the strategy to use SeC and AF in combination could be a highly efficient way to achieve anticancer synergism through synergistically targeting TrxR1.

Materials and Methods
=====================

Materials
---------

SeC, AF, propidium iodide (PI), solid JC-1, DAPI, 2′,7′-dichlorofluorescein diacetate, MTT, bicinchoninic acid kit for protein determination were purchased from Sigma (St. Louis, MO, USA). Reagent kit for single-cell gel electrophoresis assay (Comet Assay) was purchased from Trevigen (Gaithersburg, MD, USA). TrxR1 Assay Kit was bought from Cayman (Ann Arbor, MI, USA). Dulbecco\'s modified Eagle\'s medium, fetal bovine serum, and the antibiotic mixture (penicillin-streptomycin) were purchased from Invitrogen (Carlsbad, CA, USA). Caspase-3 substrate (Ac-DEVD-AMC), caspase-9 substrate (Ac-LEHD-AFC), and caspase-8 substrate (IETD-AFC) were purchased from Calbiochem (San Diego, CA, USA). U0126 and LY294002 were obtained from Calbiochem. All of the antibodies used in this study were purchased from Cell Signaling Technology (Beverly, MA, USA). All of the solvents used were of high-performance liquid chromatography grade. The water used for all experiments was supplied by a Milli-Q water purification system from Millipore (Billerica, MA, USA).

Cell culture
------------

A549 human lung adenocarcinoma cell line was obtained from American Type Culture Collection (Manassas, VA, USA) and maintained in Dulbecco\'s modified Eagle\'s medium supplemented with fetal bovine serum (10%), penicillin (100 U/ml) and streptomycin (50 U/ml) at 37 °C in a humidified incubator with 5% CO~2~ atmosphere.

Drug treatment
--------------

Preliminary screening was conducted to ascertain the time and dose of the combined treatment of SeC with AF. Briefly, A549 cells seeded in a 96-well microplate at 8 × 10^3^ per well were pretreated with 2.5--40 *μ*M SeC (0, 3, 6, 12, or 24 h) and then co-treated with 0.5--20 *μ*M AF (0, 1, 2, 4, and 6 h). After treatment, MTT assay was used to ascertain the optimal dose and time of combined treatment.

Measurement of cell viability
-----------------------------

A549 viability was measured by MTT assay and trypan blue staining. A549 cells (8 × 10^3^ per well ) seeded in a 96-well microplate were pre-treated with 8 *μ*M SeC for 24 h and co-incubated with 6 *μ*M AF for 6 h. After incubation, the cell viability were detected by MTT assay or trypan blue staining.^[@bib21]^ Cell viability was expressed as % of control. For the trypan blue staining assay, the cells after treatment were collected by trypsinization and resuspended in PBS buffer after centrifugation. An aliquot of the cell suspension was mixed with an equal volume of a 0.4% trypan blue solution. Each cell sample was immediately transferred to a hemacytometer for counting in triplicates. Stained (dead) and unstained (viable) cells were counted by phase-contrast microscopy.

Flow cytometric analysis
------------------------

The cell cycle distribution was analyzed by flow cytometric analysis as previously described.^[@bib19]^ Briefly, cells after treatment with SeC and AF were harvested by centrifugation and washed with PBS. Cells were stained with PI after fixation with 70% ethanol at −20 °C overnight. Labeled cells were washed with PBS and then analyzed by flow cytometer. The cell cycle distribution was analyzed using a MultiCycle software (Phoenix Flow Systems, San Diego, CA, USA). The proportions of cells in G0/G1, S, and G2/M phases were represented as DNA histograms. Apoptotic cells with hypodiploid DNA contents were measured by quantifying the sub-G1 peak. For each experiment, 10 000 events per sample were recorded.

TUNEL and DAPI co-staining
--------------------------

The induction of DNA fragmentation and nucleus condensation in A549 cells by SeC and AF were examined by TUNEL-DAPI co-staining assay as previously described.^[@bib38]^

Evaluation of mitochondrial membrane potential (Δ*ψ*~m~)
--------------------------------------------------------

The effects of SeC and AF on the cell mitochondrial membrane potential (Δ*ψ*m) were examined by flow cytometry using JC-1 as specific probe.^[@bib36]^ The percentage of the green fluorescence from JC-1 monomers was used to represent the cells that lost Δ*ψ*~m~.

Measurement of ROS generation
-----------------------------

The effects of SeC and AF on intracellular ROS generation were evaluated by DCF fluorescence assay as previously described.^[@bib10]^ The ROS levels were expressed as percentage of treated cells to that of control.

Single-cell gel electrophoresis (Comet Assay)
---------------------------------------------

Single-cell gel electrophoresis for detection of DNA damage induced by SeC and AF was performed using Comet assay as previously described.^[@bib39]^ Cellular DNA was stained with SYBR GreenI (Trevigen) and visualized under a fluorescence microscope (Nikon, Eclipse E600, Tokyo, Japan).

Caspase activity assay
----------------------

Activation of caspases in A549 cells exposed to SeC and AF was examined by measuring the activities of caspase-3, -8, and -9 using specific substrates (Ac-DEVD-AMC for caspase-3, Ac-IETD-AMC for caspase-8, and Ac-LEHD-AMC for caspase-9).^[@bib36]^

Western blot analysis
---------------------

The effects of SeC and AF on the expression levels of proteins associated with different signaling pathways were examined by western blot analysis.^[@bib10]^

Determination of TrxR1 activity
-------------------------------

Cytosolic protein was extracted for TrxR1 activity using a Thioredoxin Reductase Assay Kit (Cayman). In this assay, TrxR1 catalyzes the reduction of 5,5′-dithiobis (2-nitrobenzoic) acid with NADPH to 5-thio-2-nitrobenzoic acid (TNB^2−^), which generates a strong yellow color (*λ*max=412 nm). Briefly, 100 *μ*g of cytosolic protein was diluted by assay buffer and incubated with 8 *μ*M SeC or/and 6 *μ*M AF for 10 min at room temperature. The reaction was started by addition of NADPH and DNTB, and then the TrxR1 activity was detected in 1 h by measurement of TNB^2−^ quantity at 412 nm. The TrxR1 activity was expressed as % of control.

*In vivo* study
---------------

*In vivo* study was administrated in male nude mice. Briefly, about 1 × 10^6^ A549 human lung adenocarcinoma cells in 100 *μ*l serum-free medium were subcutaneously injected into the right oxter of mice. When average tumor volume reached about 50--75 mm^3^ after 8 days, mice were randomly divided into four groups (eight mice/group): group 1 for PBS as control; group 2 for 5 mg/kg SeC; group 3 for 2 mg/kg AF; group 4 for 5 mg/kg SeC+2 mg/kg AF. Drugs were injected every other day, caudal vein, from the first day until the sixteenth day (eight times). At the termination of the experiments, tumors were collected, photographed, and weighed. Tumor dimensions were measured with calipers and the volume was calculated using the formula: volume=*l* × *w*^2^/2, with *l* being the maximal length and *w* being the width. A portion of the tumors from control and treated animals was used for preparation of tumor lysate used in further analysis. Another portion of tumors were removed, fixed in 10% buffered formalin, embedded with paraffin, and sectioned. The 4-*μ*M sections were stained with hematoxylin and eosin staining for histological observation. Protein expression in sections was examined by IHC methods. All animal experiments were approved by the Animal Experimentation Ethics Committee.

Statistical analysis
--------------------

Experiments were carried out at least in triplicate and repeated three times. All data were expressed as mean±S.D. Statistical analysis was performed using SPSS statistical package (SPSS 13.0 for Windows; SPSS, Inc. Chicago, IL, USA). The difference between two groups was analyzed by two-tailed Student\'s *t*-test. The difference between three or more groups was analyzed by one-way analysis of variance multiple comparisons. Differences with *P*\<0.05 (\*) or *P*\<0.01 (\*\*) were considered statistically significant. Bars with different characters are statistically different at *P*\<0.05 level.

The growth inhibitory effects of combination treatment (synergistic, addictive, or antagonistic) was evaluated by the interaction index.^[@bib40]^ The index, denoted by *γ*, is defined by the isobolar relation: *a*/*A*+*b*/*B*=*γ*, where *A* and *B* are the doses of SeC (alone) and AF (alone), respectively, that give the 50% of cell killing and (*a*, *b*) is the combination dose that produces the same level. The quantities in equation are obtained from the dose--response curves of drugs *A*, *B*, and the combination. If *γ*=1, the interaction is additive; if *γ*\<1, it is super-additive (synergistic), and if *γ*\>1, it is sub-additive (antagonistic).
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AF

:   auranofin

DAPI

:   4′,6-diamidino-2-phenyindole

GSH

:   glutathione

MTT

:   3-\[4,5-dimethyl-thiazol-2-yl\]-2,5-diphenyltetrazolium bromide

NAC

:   *N*-acetyl-[L]{.smallcaps}-cysteine

PI

:   propidium iodide

ROS

:   reactive oxygen species

SeC

:   selenocystine

Trx

:   thioredoxin

TrxR

:   thioredoxin reductase
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![SeC enhances AF-induced growth inhibition and apoptosis in A549 cells. Experimental scheme (**a**) and enhanced growth inhibition against A549 cells (**b**) induced by SeC and AF. Preliminary screen were conducted to ascertain the optimal dose and time of combined treatment as described in section of Materilas and Methods. Briefly, A549 cells were pre-treated with 8 *μ*M SeC (0, 3, 6, 12, and 24 h) and co-incubated with 6 *μ*M AF for 6 h. Cell viability was determined by MTT assay. (**c**) SeC enhances AF-induced apoptosis in A549 cells. Cell cycle distribution was analyzed by flow cytometric analysis. Cells after treatment were collected and stained with PI solution after fixation by 70% ethanol. Apoptotic cells with hypodiploid DNA content were measured by quantifying the sub-G1 peak. (**d**) Caspases activities. Cells after treatment were lysed and cell proteins were used to determine caspase-3, -8, and -9 activities with a fluorescence assay kit using specific substrates. (**e**) Western blot analysis of expression levels of PARP and caspases in A549 cells. Cells after treatment were collected and lysed, cell proteins (40 *μ*g) were separated by SDS-PAGE and immunoblotted with specific primary antibodies. Equal loading was confirmed by stripping immunoblots and reprobing for *β*-actin. All data here are expressed as means±S.D. of triplicates. All images shown here are representative of three independent experiments with similar results. Bars with different characters are statistically different at *P*\<0.05 level](cddis2014132f1){#fig1}

![SeC enhances AF-induced loss of mitochondrial membrane potential by regulating the expression of Bcl-2 family proteins. (**a**) SeC enhances AF-induced disruption of mitochondrial membrane potential (Δ*ψ*~m~). Cells after treatment were stained with JC-1 and then analyzed by flow cytometry. The number presented in each histogram represents the percentage of cells that lost Δ*ψ*~m~. (**b**) Western blot analysis effects of SeC in combination with AF on expression of Bcl-2 family proteins in A549 cells. (**c**) Time-dependent effects of SeC on expression of Bcl-2 family proteins in A549 cells. Western blotting method was used to detect the proteins expression in treated A549 cells. All experiments were done at least in triplicates](cddis2014132f2){#fig2}

![Contribution of ERK and AKT pathways to combined treatment-induced apoptosis. (**a**) SeC enhances AF-induced inactivation of ERK and AKT. The protein expression were detected by western blotting method. (**b**) ERK and AKT inhibitors enhance combined treatment-induced growth inhibition against A549 cells. Cells were pre-treated with 10 *μ*M LY294002 (AKT-upstream inhibitor) or U0126 (ERK inhibitor) for 1 h before combined treatment. Cell viability was detected by MTT assay. (**c**) AKT inhibitor enhances combined treatment-induced PARP cleavage and AKT inactivation. (**d**) ERK inhibitor enhances combined treatment-induced PARP cleavage and ERK inactivation. All data here are expressed as means±S.D. of triplicates. All images shown here are representative of three independent experiments with similar results. Bars with different characters are statistically different at *P*\<0.05 level](cddis2014132f3){#fig3}

![SeC enhances AF-induced DNA damage. (**a**) SeC enhances AF-induced phosphorylation of p53 and histone. Cells after treatment were examined via western blotting method. (**b**) SeC enhances AF-induced DNA damage as evidenced by comet assay at the single-cell level. Cells after treatment were immediately analyzed by Comet assay as described in section of Materials and Methods. The length of tail reflects the DNA damages in cells. (**c**) Representative images of DNA fragmentation and nuclear condensation in A549 cells exposed to 8 *μ*M SeC and/or 6 *μ*M AF. Cells cultured in chamber slides were treated with 8 *μ*M SeC in combination with 6 *μ*M AF and fixed with formaldehyde. Nuclear staining in A549 cells were detected by TUNEL and DAPI staining assay (magnification, × 200). (**d**) Time-dependent effects of SeC on expression of phosphorylated p53 and phosphorylated histone in A549 cells. Cells were treated with 8 *μ*M SeC for indicated time and western blotting method was used to detect the protein expression. All data here are expressed as means±S.D. of triplicates. (**e**) Temporal changes in the expression levels of phosphorylated ERK, AKT, and p53 in cells exposed to SeC and AF. All images shown here are representative of three independent experiments with similar results](cddis2014132f4){#fig4}

![ROS scavengers prevent A549 cells from combined treatment-induced cell growth inhibition and apoptosis. (**a**) SeC enhances AF-induced intracellular ROS accumulation. Cells were washed and suspended in PBS containing 10 *μ*M of DCFH-DA. Then cells pretreated with SeC for 2 h were co-treated with AF for another 2 h. ROS generation was determined by measuring the fluorescence intensity on microplate reader. (**b**) Addition of NAC and GSH weaken SeC and AF-induced cell growth inhibition against A549 cells. Cells were pre-treated with 5 mM NAC or GSH for 1 h before combined treatment. Trypan blue staining was used to quantify cell death. (**c**) GSH addition protects A549 cells from combined treatment-induced apoptosis. Cell apoptosis were detected by flow cytometric analysis. (**d**) GSH supplement suppresses combined treatment-induced activation of caspase-3. (**e**) GSH addition reverses combined treatment-induced apoptosis, ERK and AKT inactivation, and DNA damage. All data here are expressed as means±S.D. of triplicates. All images shown here are representative of three independent experiments with similar results. Bars with different characters are statistically different at *P*\<0.05 level](cddis2014132f5){#fig5}

![Synergetic inhibition of TrxR1 activity *in vitro*. (**a**) SeC synergistically enhances AF-induced inhibition of TrxR1 activity *in vitro*. Cells were lysed and 100 *μ*g protein were used to determine the TrxR1 activity in the presence of SeC or/and AF. (**b**) SeC decreased TrxR1 expression *in vitro* in A549 cells. TrxR1 expression was detected by western blotting method. All data here are expressed as means±S.D. of triplicates. All images shown here are representative of three independent experiments with similar results](cddis2014132f6){#fig6}

![SeC enhances AF-induced growth inhibition of tumor xenografts through targeting TrxR1 *in vivo*. Combined treatment inhibits tumor volume (**a**, **b**) and tumor weight (**c**) of A549 human lung adenocarcinoma xenografts in nude mice, but do not affect body weight (**d**) of mice. (**e**) Combined treatment activates caspase *in vivo*. (**f**) Combined treatment triggers PARP clevage and inactivation of TrxR1 *in vivo*. (**g**) Staining of tumor xenografts by hematoxylin and eosin and IHC method](cddis2014132f7){#fig7}

![Proposed signal pathway. SeC enhances AF-induced intracellular ROS accumulation through synergistic inhibition of TrxR1. ROS overproduction causes DNA damage, inactivation of AKT and ERK, and triggers p53 phosphorylation, which in turn triggers mitochondrial dysfunction to amplify the apoptotic signals](cddis2014132f8){#fig8}
